The family of magnetic rare-earth pyrochlore oxides R2M2O7 plays host to a diverse array of exotic phenomena, driven by the interplay between geometrical frustration and spin-orbit interaction, which leads to anisotropy in both magnetic moments and their interactions. In this article we establish a general, symmetry-based theory of pyrochlore magnets with anisotropic exchange interactions. Starting from a very general model of nearest-neighbour exchange between Kramers ions, we find four distinct classical ordered states, all with q = 0, competing with a variety of spin-liquids and unconventional forms of magnetic order. The finite-temperature phase diagram of this model is determined by Monte Carlo simulation, supported by classical spin-wave calculations. We pay particular attention to the region of parameter space relevant to the widely studied materials Er2Ti2O7, Yb2Ti2O7, and Er2Sn2O7. We find that many of the most interesting properties of these materials can be traced back to the "accidental" degeneracies where phases with different symmetries meet. These include the ordered ground state selection by fluctuations in Er2Ti2O7, the dimensional-reduction observed in Yb2Ti2O7, and the lack of reported magnetic order in Er2Sn2O7. We also discuss the application of this theory to other pyrochlore oxides
I. INTRODUCTION
Like high-energy physics, condensed matter is dominated by the idea of symmetry. Any physical property which cannot be traced back to a broken symmetry is therefore of enormous fundamental interest. In this context, the spin liquid phases found in frustrated magnets are a rich source of inspiration 1 . Perhaps the most widely studied examples are the "spin ice" states in Ho 2 Ti 2 O 7 and Dy 2 Ti 2 O 7 , classical spin-liquids famous for their magnetic monopole excitations 2 . And there is now good reason to believe that a quantum spin-liquid phase, in which the magnetic monopoles are elevated to the role of "elementary" particles, could exist in spinice like materials where quantum effects play a larger role [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The extraordinary physics of spin ice stems from the combination of the geometrical frustration inherent to the pyrochlore lattice on which the magnetic rare earth ions R 3+ reside, and the strongly anisotropic nature of the interactions between rare-earth ions 15, 16 . This mixture of geometrical frustration and strong spin anisotropy is common to many pyrochlore materials, and gives rise to a wide array of interesting physical behaviors 17 . The spin ices belong to a wider family of rare-earth pyrochlore oxides R 2 M 2 O 7 in which the magnetic ions have a doublet ground state, and highly-anisotropic interactions. The physical properties of these materials depend on the choice of rare-earth R 3+ and transition metal M 4+ , and are fabulously diverse. In addition to spin ices, this family includes a wide range of systems that order magnetically, spin glasses and systems where local
FIG. 1:
Classical ground-state phase diagram for a pyrochlore magnet with anisotropic exchange interactions. The model considered is the most general nearest-neighbour exchange Hamiltonian on the pyrochlore lattice Hex [Eq. (1)], with symmetric off-diagonal exchange J3 < 0, and vanishing Dzyaloshinskii-Moriya interactions (J4 = 0). There are four distinct ordered phases, illustrated in the insets of Fig. 3 . Points correspond to published estimates of parameters for Yb2Ti2O7 [43] , Er2Ti2O7 [26] , and Er2Sn2O7 [34] , setting J4 = 0. The white circle corresponds to the path through parameter space shown in Fig. 3 . moments couple to itinerant electrons [17] [18] [19] . current interest include Yb 2 Ti 2 O 7 , which exhibits striking "rod-like" features in neutron scattering [20] [21] [22] [23] , and has been argued to undergo a Higgs transition into a ferromagmetically ordered state 24 ; Er 2 Ti 2 O 7 , which appears to offer an elegant worked example of (quantum) order by disorder [25] [26] [27] [28] [29] ; and Er 2 Sn 2 O 7 , which has yet to been seen to order at any temperature [30] [31] [32] [33] [34] . Alongside continuing investigations into these materials, the last few years has seen the synthesis of a steady stream of new rare earth pyrochlore oxides, exhibiting both ordered [35] [36] [37] [38] [39] and disordered 53 low temperature states. Given this "embarrassment of riches", it seems reasonable to ask whether there is any common framework which can connect the properties of different rare-earth pyrochlore oxides, place new materials in context, and help guide the search for novel magnetic states. In this Article, we enlarge on the results in an earlier preprint 40 to develop a broad scenario for these materials, based on the concept of multiple-phase competition. We go on to show how this approach can be used to explain many of the interesting properties of Yb 2 Ti 2 O 7 , Er 2 Ti 2 O 7 and Er 2 Sn 2 O 7 .
Our starting point is the most general model of nearest-neighbour interactions compatible with the symmetries of the pyrochlore lattice [41] [42] [43] 
where the sum on ij runs over the nearest-neighbour bonds of the pyrochlore lattice, S i = (S x i , S y i , S z i ) describes the magnetic moment of the rare-earth ion, and the matrix J µν ij is a function of four independent parameters. Following the notation of Ross et al. [43] , we identify these as "X-Y" (J 1 ), "Ising" (J 2 ), "symmetric off-diagonal" (J 3 ) and "Dzyaloshinskii-Moriya" (J 4 ) interactions. This model encompasses an extremely rich variety of different magnetic physics, including an exchange-based "spin-ice" (J 1 =−J 2 =J 3 =J 4 < 0), and the Heisenberg antiferromagnet on a pyrochlore lattice (J 1 =J 2 > 0, J 3 =J 4 =0), both of which are believed to have spin-liquid ground states 15, 44 . Nonetheless, materials such as Er 2 Ti 2 O 7 , which is extremely well-described by a nearest-neighbour exchange model [25] [26] [27] , do order magnetically 25 . The phase diagram of H ex [Eq. (1) ] for a quantum spin-1/2 has previously been studied using mean-field and spin-wave approximations, with many papers emphasising connections with spin ice 5, 8, 9, 11, 45 . In this Article we take a different approach, starting from an analysis of the way in which different spin configurations break the point-group symmetries of the pyrochlore lattice. We show that, for classical spins, the problem of finding the ground state of H ex [Eq. (1) ] can be neatly separated into two steps: i) finding the ground state of a single tetrahedron and ii) understanding how the spinconfiguration on that tetrahedron can be used to tile the pyrochlore lattice. The first step, in turn, reduces to understanding how the different interactions in the model transform under the symmetries T d of a single tetrahedron. The second step, summarized in a simple set of "Lego-brick" rules, enables us to encompass both ordered ground states, which break lattice symmetries, and spin-liquids, which do not. This approach, augmented by spin-wave calculations and extensive classical Monte Carlo simulations, makes it possible both to establish a complete phase diagram for H ex [Eq. (1) ] as a function (J 1 , J 2 , J 3 , J 4 ), and to link ground state properties to predictions for neutronscattering experiments. In this article, taking our motivation from estimated parameters for Yb 2 Ti 2 O 7 [43] , Er 2 Ti 2 O 7 [26] and Er 2 Sn 2 O 7 [34] , we concentrate on ordered phases in the limit J 3 < 0, J 4 = 0. Here there is a competition between four different types of order : a Palmer-Chalker 46 phase (Ψ 4 ), a non-collinear ferromagnet (FM), a coplanar antiferromagnet (Ψ 3 ), and a noncoplanar antiferromagnet (Ψ 2 ). The way in which these phases relate to one another is illustrated in Fig. 1, Fig. 2 and Fig. 3 .
Crucially, the same symmetry-based approach used to find ordered ground states also permits us to explore the way in which these physically distinct states are connected by the "accidental" degeneracies arising at boundaries between phases with different symmetry. The enlarged ground-state manifolds at these phase boundaries have far-reaching consequences, once quantum and thermal fluctuations are taken into account. The common theme which emerges is of systems "living on the edge"
FIG. 3:
Finite-temperature phase diagram for a pyrochlore magnet with anisotropic exchange interactions. The model considered is Hex [Eq. (1)], with J1 = 3|J3| cos θ, J2 = 3|J3| sin θ, J3 < 0, and J4 ≡ 0, corresponding to the white circle in Fig. 1 . Points show finite temperature phase transitions found from classical Monte Carlo simulations. The four ordered phases, Palmer-Chalker (Ψ4), non-collinear ferromagnetic (FM), coplanar antiferromagnetic (Ψ3) and non-coplanar antiferromagnetic (Ψ2), are illustrated at the top of the figure. Each of these phases is six-fold degenerate, with zero crystal momentum, and is completely specified by the spin configuration in a single tetrahedron.
-the physical properties of materials showing one type of magnetic order being dictated by the proximity of another, competing, ordered phase.
Thus, in Yb 2 Ti 2 O 7 , we find ferromagnetic order proximate to competing, "Ψ 3 " and "Ψ 2 " phases, which manifest themselves in the "rods" seen in neutron scattering. Meanwhile, in Er 2 Ti 2 O 7 , we discover that the reason fluctuations select the well-established "Ψ 2 " ground state [25] [26] [27] , is proximity to a neighboring Palmer-Chalker phase, as illustrated in Fig. 4 . And in the case of Er 2 Sn 2 O 7 , we find that fluctuations of Palmer-Chalker order predominate, but that all forms of magnetic order are strongly suppressed by the proximity of a degenerate ground-state manifold connected to a neighbouring "Ψ 2 " phase.
We note that the same approach of combining symmetry analysis and the "Lego-brick" rules can also be used to systematically search for unconventional ordered states and new (classical) spin-liquid phases on the pyrochlore lattice. This is a theme which will be developed elsewhere 47, 48 . The remainder of the present article is structured as follows :
In Section II we introduce a general model of nearestneighbour exchange interactions on a pyrochlore lattice and, restricting to classical spins, establish the conditions under which the model has a magnetically ordered ground state. We also provide a complete classification of possible ordered states in terms of the irreducible representations of the tetrahedral symmetry group T d .
In Section III we show that this symmetry analysis can be used to determine the classical ground state of H ex [Eq. (1) ] for arbitrary parameters (J 1 , J 2 , J 3 , J 4 ). The nature of the ground states in the limit (J 3 < 0, J 4 = 0), which is of particular relevance to real materials, is explored in some detail, including analysis of the degenerate manifolds arising at the phase boundaries of the model.
In Section IV we explore the spin-wave excitations associated with these ordered phases. This enables us to make predictions for neutron scattering, and to develop a ground state phase diagrams for classical and semiclassical spins, focusing again on the limit J 3 < 0 and J 4 = 0, as illustrated in Fig. 1 . It also enables us to identify regions of the phase diagram where strong quantum fluctuations are liable to eliminate classical order entirely, as illustrated in Fig. 2 .
In Section V we use classical Monte Carlo simulation to explore the finite-temperature phase transitions which separate each of the ordered phases from the hightemperature paramagnet. The results of this analysis are summarized in Fig. 3 .
In Section VI we study the finite-temperature consequences of the enlarged ground-state manifolds arising at the boundary between different ordered phases. This is illustrated in Fig. 4 .
In Sections VII, VIII and IX, we discuss the implications of these results for the rare-earth pyrochlore oxides Er 2 Ti 2 O 7 , Yb 2 Ti 2 O 7 and Er 2 Sn 2 O 7 , respectively. Other rare-earth pyrochlore magnets to which the theory might apply are discussed briefly in Section X.
We conclude in Section XI with a summary of our results, and an overview of some of the interesting open issues.
Technical details of calculations are reproduced in a short series of Appendices at the end of the Article : Appendix A provides details of the local coordinate frame throughout the Article, and the associated form of the gtensor. Appendix B provides technical details of the linear spin-wave calculations described in Section IV. Appendix C provides technical details associated with the classical Monte Carlo simulations described in Section V.
As far as possible, we have endeavoured to make Sec- tions VII-X, describing the application of the theory to experiments on rare-earth pyrochlores, self-contained. Readers chiefly interested in these materials may safely omit the theoretical development in Sections III to VI of the Article.
II. MICROSCOPIC MODEL OF ANISOTROPIC EXCHANGE A. Magnetism at the level of a single ion
Pyrochlore oxides, A 2 B 2 O 7 , are a ubiquitous feature of igneous rocks throughout the world. This broad family of materials takes its name from the mineral "pyrochlore" [(Ca, Na) 2 Nb 2 O 6 (OH,F)], which burns with a green (χλωρòς) fire (πὺρ), and shares its crystal structure with a great many other oxides, halides and chalcogenides. Here we concentrate on those pyrochlore oxides in which the B-cation is a non-magnetic transition metal, such as Ti 4+ or Sn 4+ , while the remaining cation A 3+ is a rare-earth ion with a magnetic doublet ground state. These magnetic ions form a pyrochlore lattice, built of corner-sharing tetrahedra, which shares the same cubic symmetry F d3m as the parent material.
Even within this restricted group of rare-earth oxides, the interplay between strong spin-orbit coupling, and the crystal electric field (CEF) at the A-cation site, leads to a huge variation in the magnetic properties of the rareearth ion. For example, Dy 3+ provides the strong Ising moment in the spin-ice Dy 2 Ti 2 O 7 , while Er 3+ forms a moment with XY-like character in Er 2 Ti 2 O 7 [49] .
The goal of this article is not to explore the intricate CEF ground states of rare-earth ions (see e.g. Ref. [50, 51] for a discussion on this topic), but rather to understand the way in which the anisotropic exchange interactions between them shape the magnetism of rare-earth pyrochlore oxides. We therefore concentrate on materials in which the ground state of the rare-earth ion is a Kramers doublet, with an odd number of electrons, like Yb
). In this case, as long as the temperature is small compared with the lowest-lying CEF excitation, the magnetic ion can be described by a pseudospin-1/2 degree of freedom
It is important to note that, even with the restriction to Kramers doublets, there is more than one possibility for how S µ will transform under space-group operations 52 . In this article we will focus on the case where S µ transforms like a magnetic dipole, which is the case appropriate to Yb 3+ and Er 3+ based pyrochlores. We note that an alternative "dipolar-octupolar" case may be realized in Dy 3+ , Nd 3+ and Ce 3+ based pyrochlores [52] [53] [54] . Where S µ transforms like a magnetic dipole, it will be associated with an effective magnetic moment
where µ, ν = {x, y, z}. Since the magnetic anisotropy of rare-earth ion is determined by the local CEF, the gtensor g µν i is site-dependent, as described in Appendix A. This has important consequences for the magnetic correlations measured in neutron scattering experiments, discussed below.
B. Anisotropy in exchange interactions
The interplay between spin-orbit coupling and CEF leads to anisotropy in the interactions between rare-earth ions, just as it leads to anisotropy in the magnetic ground state of an individual ion 50 . It is possible to make estimates of exchange interactions in a pyrochlore oxides from knowledge of the CEF ground state and low-lying excitations 51, 55 . However for the purposes of this article it is sufficient to consider the constraints on these interactions imposed by the symmetry of the lattice.
In the case of Kramers ions on a pyrochlore lattice, the most general form of nearest-neighbour exchange can be broken down into a sum over tetrahedra t
where
Here,
ij is a 3 × 3 matrix specific to the bond ij, within tetrahedron t. The exchange interactions J ij do not, in general, possess any continuous spin-rotation invariance. Nonetheless, the form of exchange J ij is strongly constrained by the symmetry of the bond ij, and the interactions on different bonds must also be related by lattice symmetries.
Once these constraints are taken into account 41 , J ij is a function of just four independent parameters and, for the six bonds which make up the tetrahedron shown in Fig. 5 , can be written
The anisotropic nearest-neighbour exchange model, H ex [Eq. (1)], has been applied with considerable success to a number of pyrochlore oxides. In the case of Yb 2 Ti 2 O 7 , H ex [Eq. (1) ] has been shown to give an excellent description of spin-wave spectra measured in magnetic field 43 . Thermodynamic quantities, calculated from H ex [Eq. (1)] using the parameters from [43] , also gave a very good description of experiments 56, 57 . Parameters for Er 2 Ti 2 O 7 have been extracted from equivalent inelastic neutron scattering experiments 26 , and from measurements of the field-dependence of magnetisation at low [34] , are shown in Table I . The typical scale of interactions is |J| ∼ 0.1 meV (i.e. |J| ∼ 1 K), with typical uncertainty in estimates of order δJ ∼ 0.02 meV (i.e. δJ ∼ 0.2 K) [26, 34, 43] . In all of these cases, the symmetric off-diagonal exchange interaction J 3 is negative, while the Dzyaloshinskii-Moriya interaction J 4 is relatively small 154 . type. In Section II E, below, we explore the conditions under which this classical ground state is unique.
We begin with the simple observation that, since H ex [Eq. (1) ] is expressed as a sum over individual tetrahedra, any state which minimizes the energy of each individual tetrahedron must be a ground state. It is convenient to split this sum into two pieces
where A and B refer to the two distinct sublattices of tetrahedra, with
The interactions J 
Since I 2 = 1, we can write
where we have used the fact that the spin S i is invariant under lattice inversion. This implies
ij .
It follows that interactions for any tetrahedron t is the same, regardless of which tetrahedral sublattice it belongs to, and we can safely write
where J ij are given by Eq. (6) and the sum runs over all pairs of sites i, j in a given tetrahedron t, which may now be of either sublattice. Such a q = 0 ground state has a finite, discrete degeneracy associated with the breaking of point-group and time-reversal symmetries (in the case of classical spins, time-reversal corresponds to the inversion of all spins S i → −S i ). This degeneracy must be at least 2 (time-reversal), and is typically 6 (C 3 rotations ⊗ timereversal), for the ordered phases considered in this article.
E. Conditions for the uniqueness of 4-sublattice order -the "Lego-brick" rules
The existence of a classical ground state of H ex [Eq.
(1)] with 4-sublattice magnetic order, for arbitrary exchange interactions (J 1 , J 2 , J 3 , J 4 ) constitutes a enormous simplification, since it is much easier to determine the spinconfiguration which minimizes the energy of a single tetrahedron (as described in Section III, below) than to find the ground state of the entire lattice. However, as we shall see, many of interesting properties of rare-earth pyrochlores follow from the fact that while such a classical ground state must exist, it need not be unique.
Establishing the uniqueness of a 4-sublattice ground state, up to the discrete degeneracy of the state itself, amounts to determining the number of ways in which the spin configurations which minimize the energy of a single tetrahedron can be used to tile the entire lattice. For many purposes, it is convenient to think of these as a set of "Lego-brick" rules for fitting together spinconfigurations on a lattice. These rules allow us to determine the degeneracy, and nature, of the ground states of the whole lattice, using the ground states of a single tetrahedron.
The rules can be stated as follows:
1. If the spin on every site of the tetrahedron points in a different direction, in each of its classical groundstates, then the 4-sublattice ground state of the lattice is unique (up to global symmetry operations). In this case, the degeneracy of the ground state of the lattice is the same as that of a single tetrahedron. 2 ), corresponding to dimensional reduction into independent chains of spins. In the special case of spin-ice, the corresponding classical ground-state degeneracy is extensive.
The first rule guarantees the uniqueness of a 4-sublattice ground state, where the spin on every site of the tetrahedron points in a different direction in each of the ground states of a single tetrahedron. Away from phase boundaries, this is true for all of the 4-sublattice q = 0 ordered phases discussed in this article. However, it is clear from Rules 2 and 3 that if two of the ground states of a single tetrahedron share a common spin -i.e. the spin on a given site points in the same direction in more than one ground state -then it is always possible to construct other ground states, with finite q.
To give a concrete example of how these "Lego-brick" rules work, let us assume that two different ground states for a single tetrahedron have identical orientation of the spin on site 0, but different orientation of the spins on sites 1, 2 and 3. In this case it is possible to divide the pyrochlore lattice into a set of parallel kagome planes, containing spins associated with sites 1,2 and 3 of a tetrahedron, separated by triangular-lattice planes associated with site 0. Since each successive kagome plane can take on one of two different spin configurations, the number of such ground states grows as 2 N K , where N K is the number of kagome planes, and encompasses all possible q [111] . Dimensional reduction of this type occurs on the classical phase boundary between ordered FM and PalmerChalker phases discussed in Section III I of this article.
An example where Rule 3 applies, and a set of independent chains emerges in the ground state manifold, is the phase boundary between the Palmer-Chalker phase and the non-coplanar antiferromagnet discussed in Section III G. However the "Lego-brick" rules permit even larger ground-state degeneracies, as is known from the "two-in, two-out" states, made famous by the spin-ice problem. In this case there are a total of 6 possible ground states for a single tetrahedron, but each possible spin orientation, on each site, belongs to 3 different ground states. According to Rule 3, the 4-sublattice classical ground-state -a ferromagnetshould not be unique, and the total number of classical grounds states must grow as at least O(2 L 2 ). In fact, the 1)
The "Lego-brick" rules describing how the ground states of a single tetrahedron can be connected to tile the pyrochlore lattice. The two tetrahedra in the left and right panels represent a pair of tetrahedra in distinct ground-state configurations. Distinct spin orientations on the sites of each tetrahedron are denoted by letters a-h. Three cases are shown. In case (1) all of the ground states for a single tetrahedron have different spin orientations for any given site. This means that two tetrahedra in distinct ground states cannot be joined together because they do not share a common spin orientation on any site. In this case the 4-sublattice ground state of the lattice is unique with q = 0 order, up to global symmetry operations. In case (2) there are two ground states configurations for a tetrahedron which share a common spin orientation on a single site, here denoted a. These tetrahedra can be joined together by sharing the spin in orientation a. In this case the ground state of the lattice has a degeneracy of at least O(2 L ). Indeed, successive kagome layers of spins can be independently in BDC or FEG configurations. In case (3) there is a pair of ground states which share common spin orientations on two sites, here denoted a and b. These tetrahedra can be joined together by sharing the spin in orientation a or the spin in orientation b. In this case the ground state of the lattice has a degeneracy of at least O(2
ground-state degeneracy of spin ice is extensive, scaling as Ω ice ∼ (3/2) N/2 , where N is the total number of sites in the lattice 61 . This manifold of spin-ice states includes ground states with all possible q. In what follows, we explore the consequences of applying representation theory for these point-group operations to a general model of anisotropic nearest-neighbor exchange on the pyrochlore lattice, H ex [Eq. (1)]. This analysis serves a two-fold purpose : it reduces the Hamiltonian for a single tetrahedron H tet ex [Eq. (16) ] to a diagonal form, and it provides a set of order parameters with which to characterise the q = 0, 4-sublattice ordered phases found in real materials.
The point-group symmetry of the pyrochlore lattice is the cubic symmetry group O h = T d × I. Here T d is symmetry group of a single tetrahedron, and I = { , I}, where is the identity and I corresponds to the lattice inversion introduced in Eq. (13 
where the coefficients 
Ψ2 and Ψ3 [Eq. (8)]. We note that a similar analysis, applied to Er 2 Ti 2 O 7 , appears in Ref. [42] , with a different choice of basis for the two appearances of the T 1 irrep. Note that this is entirely different from the analysis appearing in Ref. [41] which classifies wavefunctions for spin-1/2 on a tetrahedron according to the irreps of T d , not linear combinations of spin operators.
Symmetry permits a finite coupling a T 1,AB = 0 between the two distinct T 1 irreps m T 1,A and m T 1,B . This can be eliminated from H tet ex by a coordinate transformation
is the canting angle between spins and the relevant [100] axis in the ferromagnetic ground state. The Hamiltonian H tet ex then becomes
with coefficients given in (21)] is subject to the constraint that every spin has fixed length.
For the majority of the discussion in this article, we shall be concerned with classical vectors S i representing a (pseudo)spin-1/2, with
in which case
For spins belonging to a single tetrahedron, we can use symmetry 155 to express this constraint as
The constraint of fixed spin-length, Eq. (24), plays a central role in determining the allowed classical ground states, below. We note in passing that the addition of a single-ion anisotropy term −D(S · z local i ) 2 can easily be included in the analysis by a simple modification of the coefficients
[Eq. (21)], and so do not affect any of the conclusions reached about ground states, below. However, since interactions of this form contribute only to a trivial energy constant for a Kramers doublet, we will not pursue this point further here. √ 3S 
III. ANALYSIS OF CLASSICAL PHASE DIAGRAM FOR T = 0

A. General considerations
Given the existence of a classical ground state with q = 0, 4-sublattice order, it is easy to determine a ground-state phase diagram directly from the Hamiltonian
[Eq. (21)]. The method developed below is quite general and can be applied for arbitrary (J 1 , J 2 , J 3 , J 4 ). However, for concreteness, we concentrate on the limit
which is of particular relevance to known pyrochlore materials, leading to the phases shown in Fig. 1-Fig. 3 . The classical ground state of H
[Eq. (21)] can be found by first identifying the irrep λ * for which a λ * takes on the minimum value, and then imposing the constraint on the total length of the spin [Eq. (24)] on m λ * , which implies that
Such an approach is possible because each individual order parameter m λ can reach a maximum value of unity within physical spin configurations
This method of determining the classical ground state is completely general and, once generalized to the lattice, is not restricted to conventionally ordered states 47, 48 . In the limit J 3 < 0 , J 4 ≡ 0, the coefficients a λ with the lowest values are a E , a T 1A , or a T2 , and the corresponding q = 0 ordered ground states found have E, T 1 and T 2 symmetry. The boundaries between these phases occur where
as illustrated in Fig. 7 .
In what follows, we explore the classical ground states with E, T 1 and T 2 symmetry in some detail, paying particular attention to what happens on phase boundaries where more than one order parameter can take on a finite value. We will not consider the "all-in, all out" ground state, a simple Ising-type order with two degenerate ground states. "All-in, all out" order has a finite value of the order parameter m A2 [cf Table IV] , which requires a A2 to be the lowest coefficient. This only occurs for J 4 > 0 and/or J 3 > 0, and so falls outside the scope of this Article. Table I . For most of this region, as might be expected, the classical configuration with the lowest energy is a state with a finite magnetisation. This is the ground state throughout the region bounded by a T 1,A = a T2 [Eq. (29)] , and a T 1,A = a E [Eq. (30)] -cf. Fig. 7 . Here the energy is minimised by setting [Eq. (21)]. Coefficients are expressed as a function of (J1, J2, J3, J4), the parameters of Hex [Eq. (1) Table V. and
1D manifold E Palmer Chalker
The constraints on the spin lengths [Eq. (24)] further imply that
It follows that there are 6 possible ground states
Written in terms of spins, these are 6, non-collinear ferromagnetic (FM) ground states, with typical spin configuration
where θ T1 is given by Eq. (20) and, following Eq. (22),
The magnetisation of this FM ground state, illustrated in Fig. 8 , is parallel to a [001] axis, with spins canted away from this axis, in an "ice-like" manner. This state has been identified as the ground state in Yb 2 Sn 2 O 7 , where it was referred to as a "splayed FM" [36] , and in most samples of Yb 2 Ti 2 O 7 which order at low temperature For this range of parameters, the classical ground state energy can be minimised by setting
and
These solutions automatically satisfy the constraint on the total length of the spin Eq. (24) and are conveniently characterised by writing
It follows that the ground state is a continuous, onedimensional manifold of states parameterised by the single angle 0 ≤ θ E < 2π. The spin configuration in this manifold is given by
with spins lying in the local "XY" plane [cf. Eqs. (A3) and (A4)].
D. Non-coplanar antiferromagnet, Ψ2, with E symmetry
It is now well-established that in Er 2 Ti 2 O 7 quantum fluctuations 26, 27, 45 , classical thermal fluctuations at low temperature 25 and thermal fluctuations near the ordering temperature 28, 78 fluctuations all act within the onedimensional manifold of classical ground states described in Section III C, to select a non-coplanar antiferromagnet, Ψ 2 , illustrated in Fig. (10) . Structural disorder, meanwhile, favours the coplanar antiferromagnet, Ψ 3 [ 75, 76] , illustrated in Fig. (11) . Together, this pair of states form a basis for the E irrep of T d [64] . The Ψ 2 ground state is six-fold degenerate, with spins canted symmetrically out of the [100] plane. The six spin configurations for Ψ 2 states are given by Eq. (39) with θ E = nπ 3 , n = 0, 1, 2 . . . 5. The Ψ 2 state is characterised by the primary order parameter m E [cf. Table III] , and by c E > 0, where (cf. Refs. [77, 78] )
Symmetry allows for fluctuations to induce a finite value of m A2 in the Ψ 2 state 79 , but classically this must vanish as T → 0 since the energy is minimised by m A2 = 0 within the region of phase diagram which favours the Ψ 2 state.
E. Coplanar antiferromagnet, Ψ3, with E symmetry
For parameters bordering on the non-collinear FM phase, fluctuations select a coplanar antiferromagnet, Ψ 3 , from the one-dimensional manifold of states transforming with E. The Ψ 3 ground state is six-fold degenerate, with spins lying in a common [100] plane.
The six spin configurations for Ψ 3 states are given by Eq. (39) with θ E = (2n+1)π 6
, n = 0, 1, 2 . . . 5. These states are characterised by a finite value of the order parameter m E [cf Table III] , and by c E < 0 [cf. Eq. (40)]. An example of a typical spin configuration is shown in Fig. (11) .
Taken together Ψ 2 and Ψ 3 form a complete basis for the E irrep of T d . imised by setting
The constraints on the total length of the spin, Eq. (24), further imply that
giving us a set of 6 ground states
Within these ground states, spins are arranged in helical manner in a common [100] plane, with a typical spin configuration given by (see Fig. 12 ).
This phase is the "Palmer-Chalker" phase, first identified as the ground state of a model with antiferromagnetic nearest neighbour Heisenberg interactions and long-range dipolar interactions on the pyrochlore lattice 46 . The 6 degenerate ground states in this phase are described by the basis vectors Ψ 4,5,6 [64] , which are all equivalent by symmetry. For brevity we refer to this phase as Ψ 4 , but it should be remembered that all three basis vectors Ψ 4, 5, 6 are equivalent ground states.
The Palmer-Chalker states are superficially similar to the Ψ 3 states [Section III E] , being coplanar, antiferromagnet configurations with all spins lying in a [100] plane. However, their symmetry properties are quite different (as is expressed in the fact that they transform according to different irreps of T d .) A simple example of these different symmetry properties is their behaviour under the 3 C 2 rotations around 100 axes. The Ψ 3 configurations are invariant under all such rotations. The PC states are invariant under one such rotation (the one around the axis normal to all the spins), but reverse all spin orientations under the other two.
G. Boundary between Palmer-Chalker phase and the one-dimensional manifold of states with E symmetry
The boundary between the Palmer-Chalker phase and the one-dimensional manifold of states with E symmetry occurs when a E = a T2 [cf. Eq. (28)]. In this case,
Substituting
FIG. 13:
Structure of the ground state manifold at the boundary between the Palmer-Chalker (PC) phase and the one-dimensional manifold of states with E symmetry. The black circle denotes the manifold of E-symmetry ground states, including the six Ψ2 ground states (black dots). At the boundary with the PC phase, this manifold branches at the Ψ2 states, to connect with three, additional, one-dimensional manifolds. These manifolds in turn interpolate to the six Palmer-Chalker ground states with T2 symmetry (red dots). An exactly equivalent picture holds on the boundary between the non-collinear ferromagnet (FM), and the one-dimensional manifold of states with E symmetry. However in this case the different manifolds intersect at the Ψ3 states.
and imposing the constraint Eq. (24), we find
It is easy to show that there are no solutions to Eqs. (52) where more than one component of m T2 is finite. There are, however, three distinct one-dimensional manifolds which connect pairs of Palmer-Chalker states to the one-dimensional manifold of E-symmetry states:
where the angles α, β and γ run from 0 to 2π. A typical spin configuration for one of the three connecting manifolds is
where α = 0, π correspond to the Ψ 2 ground states with θ E = 0, π, and α = π/2, 3π/2 correspond to two of the six Palmer-Chalker ground states. These manifolds are illustrated in Fig. 13 . By application of the "Lego-brick" rules given in Section II E, the ground state degeneracy on this phase boundary must be at least O(2 L 2 ). This follows from the fact that, on the boundary, the Palmer-Chalker ground states Ψ 4 share two spin orientations with the neighbouring Ψ 3 configuration. This, in turn, is connected with the O(L 2 ) number of zero modes appearingin spin wave expansions around the Ψ 2 configurations at this boundary [cf. Section IV B].
We note that a special case of this phase boundary is studied for pure XY spins (i.e. with infinite easy-plane anisotropy) in Ref. [80] , finding the same structure of ground state manifolds.
H. Boundary between the non-collinear ferromagnet and the one-dimensional manifold of states with E symmetry
The boundary between the non-collinear ferromagnet and the one-dimensional manifold of states with E symmetry occurs when a E = a T 1,A [cf. Eq. (30)]. In this case,
Defining, for the sake of brevity, the quantities
and imposing the constraint Eq. (24) we obtain
where θ T1 is the (fixed) canting angle [Eq. (20)], θ E is the (variable) angle within the U(1) manifold [Eq. (38)]. For the parameters considered here, the quantities µ(θ T1 ) and ν(θ T1 ) are always finite. Arguments identical to those developed for the boundary with the Palmer-Chalker phase, give us three further 1D manifolds in addition to that associated with the E phase. However the intersections of the manifolds are now located at θ E = (2n+1)π 6
, corresponding to the Ψ 3 states. This explains the model's general entropic preference for Ψ 3 states in the region proximate to the ferromagnetic phase.
A typical spin configuration for one of the three connecting manifolds, parameterised by an angle η is
Here η = 0 corresponds to the Ψ 3 ground state with θ E = π/2, and η = π/2 to one of the six FM ground states. We note that an equivalent ground-state manifold was discussed by Canals and coauthors 81 , and later by Chern 77 , in the context the Heisenberg antiferromagnet with Dzyaloshinskii-Moriya interactions on the pyrochlore lattice. This case corresponds to a single point on the phase boundary considered here. 
Imposing the constraint Eq. (24) we obtain
where θ T1 is defined in Eq. (20) . In general, the ground state manifold on the boundary of the Palmer-Chalker phase is locally two-dimensional. To establish this, we consider small deviations from a given solution
and expand the constraint Eq. (64) to linear order in δm. Generally, we find two linearly-independent solutions for (δm T2 , δm T 1A ), and the manifold in the vicinity of (m ). This set of ground states on the tetrahedron includes multiple states where one of the spins has the same direction. Applying the "Lego-brick" rules, described in Section II E, this means that neighbouring kagome planes can be effectively decoupled in the ground state and there is a ground state degeneracy on the lattice of at least O(2 L ).
J. All-in, all-out order with A2 symmetry
In the Section III B-III F we have explicitly discussed the different types of ordered, classical ground state which occur for J 3 < 0, J 4 = 0. For a more general choice of parameters, with J 4 > 0 or J 3 > 0, it is possible to find situations where the lowest parameter in H tet ex [Eq. (21)] is a A2 . In this case, the ground state will have 4-sublattice order with a finite value of the order parameter m A2 [ Table III ]. As can be seen from the definition of the order parameter, this type of order is particularly simple, with all spins aligned along the local [111] axes, and all spins pointing either into, or out of, tetrahedra on the A-sublattice. This type of order is commonly referred to as "all-in, all-out" and is observed in some pyrochlore magnets, including Nd 2 Zr 2 O 7 [115] .
Since this type of order does not occur for J 3 < 0, J 4 = 0, we will not discuss it further in here. However we note that the order parameter m A2 is a scalar, and that finite-temperature phase transitions are therefore expected to fall into the Ising universality class, in the absence of a first order phase transition.
IV. THEORY OF CLASSICAL AND QUANTUM SPIN WAVE EXCITATIONS
In order to complete the classical phase diagram described in Section III, it is necessary to understand how quantum and/or classical fluctuations select between the one-dimensional manifold of states described by m E . At low temperatures, this can be accomplished by exploring the way in which spin-wave excitations contribute to the free energy. Knowledge of the spin-wave excitations also makes it possible to make predictions for inelastic neutron scattering, discussed below, and to benchmark the results of the classical Monte Carlo simulations described in Section V.
In what follows, we describe a general theory of classical, and quantum spin-wave excitations about the different ordered states described in Section III. In Section IV A we establish a classical, low-temperature spinwave expansion, which makes it possible to determine the boundary between the Ψ 2 and Ψ 3 ground states for classical spins in the limit T → 0 [cf. Fig. 1 ]. In Section IV C, we develop an equivalent quantum theory, within the linear spin-wave approximation, which allows us to estimate the boundary between the Ψ 2 and Ψ 3 ground states for quantum spins in the limit T → 0 [cf. Fig. 2] . We find that the high degeneracies at classical phase boundaries, described in Section III, strongly enhance quantum fluctuations, and in some cases eliminate the ordered moment entirely. In Section IV D we show how both classical and quantum spin-wave theories can be used to make predictions for inelastic neutron scattering. Readers interested in the relationship between classical and quantum spin-wave theories are referred to the discussion in Ref. [82] .
A. Classical spin-wave expansion
To obtain the low-energy excitations around the ordered ground states of H ex [Eq. 4] we use a description in terms of classical spin waves, analogous to that described in Ref. [83] . We begin by defining a local coordinate system by introducing a set of orthogonal unit vectors {u i , v i , w i } for each of the four sublattices i = 0, 1, 2, 3 [cf. Fig. 5 ]. The local "z-axis", w i , is chosen to be aligned with the spins in a given four-sublattice ground state
The remaining unit vectors, u i and v i , are only determined up to a rotation about w i , and any convenient choice can be made. Using this basis, the fluctuations of the spin S ik on sublattice i of tetrahedron k can be parameterized as
Substituting Eq. (68) into H ex [Eq. (4)] we obtain
is the classical ground-state energy of the chosen 4-sublattice state, and
describes the leading effect of (classical) fluctuations about this state. Performing a Fourier transformation, we find
Hereũ(q) is the vector
and M(q) the 8 × 8 matrix
built from 4 × 4 blocks
where i, j ∈ {0, 1, 2, 3} and
where the eight normal modes of the system are given by
with associated eigenvalues κ ν (q). Since H CSW ex
[Eq. (78) ] is quadratic in υ νq , the associated partition function can be calculated exactly
It follows that, for T → 0, the free energy of the system is given by
Where the O(T 2 ) corrections arise from the higher order, spin wave interaction, terms neglected in Eq. (69) .
Within this classical, low-T expansion, the eigenvalues κ ν (q) correspond to independent, low-energy modes, which determine the physical properties of the states, and have the interpretation of a classical spin-wave spectrum. However the classical spectrum κ ν (q) should not be confused with the quantum spin-wave dispersion ω ν (q), measured in inelastic neutron scattering experiments and discussed in Section IV C. (81)], to determine which of the possible E-symmetry ground states is selected by thermal fluctuations in the limit T → 0. A parallel treatment of the quantum problem is given in Ref. [45] and a classical analysis applied to the limiting case of pure XY spins (i.e. with infinite easy plane anisotropy) is given in Ref. [80] .
As a first step, it is helpful to write down a minimal, symmetry allowed, form for the free energy in terms of the components of
(cf. [79] ). Keeping only those terms which respect the lattice symmetries, and going up to 6th order in m E
where F 0 is an unimportant constant. Note that Eq. (83) does not contain the symmetry allowed coupling to m A2 :
which appears in [79] . This is for two reasons: (i) we are considering the T → 0 + limit where a finite value of m A2 is energetically unfavourable and will be very small; (ii) m A2 can, in any case, be integrated out to arrive at Eq. (83) with renormalized coefficients for the 6th order terms.
It follows from Eq. (83) that i) a suitable order parameter for symmetry breaking within this manifold is c E = cos 6θ E [77, 78] , cf. Eq. (40) , and that ii) the two states spanning m E , Ψ 2 and Ψ 3 , are distinguished only at sixth-order (and higher) in m E [42] . The quantity c E is a secondary order parameter, in the sense that a finite expectation value of c E is induced by coupling to the primary order parameter m E . These facts have important consequences for the finite temperature phase transition into the paramagnet, as discussed below.
For T → 0, we can parameterise
[Eq. (21) ] is quadratic in m E , all other terms in the free energy must be of purely entropic origin. Moreover, symmetry requires that the entropy associated with the E-symmetry states will vary as
The sign of the coefficients s n then determines the ground state selected by fluctuations. Taking the derivative of Eq. (81) with respect to T allows us to explicitly calculate . We can now learn more about how ground state selection works by realising that, for some choices of parameters, the operation connecting different E-symmetry ground states becomes an exact symmetry of the Hamiltonian. This is most easily seen in a coordinate frame tied to the local [111] axis, as described in Section II C. Considering H local ex [Eq. (8)], for the simple choice of parameters (J zz , J ± , J ±± , J z± ) = (0, J, 0, 0) J > 0 the ground state belongs to E and the Hamiltonian reduces to that of an "XY" ferromagnet. In this case the entire one-dimensional manifold of E-symmetry states are connected by an explicit symmetry of the Hamiltonian (rotation around the local 111 axes). It follows that order-by-disorder is ineffective, and the ground state retains its U(1) symmetry -for a related discussion, see [45] . To gain insight into the phase diagram for J 3 < 0, J 4 ≡ 0 [cf. Fig. 1] , we expand about a point in parameter space At this point the ground state manifold is formed from linear combinations of E and A 2 symmetry states and the entire ground state manifold is connected by an exact symmetry of the Hamiltonian, so once again there is no order by disorder. For J 3 < 0, states with a finite value of m A2 are removed from the ground state manifold and fluctuations select a ground state from amongst the E states. It follows that, for J 3 → 0 − , J 4 ≡ 0, the phase boundary between the Ψ 2 and Ψ 3 states should tend to the line J 2 /|J 3 | = −J 1 /|J 3 | [cf. Fig. 1] .
To see which phase is preferred for finite J 3 , we expand the difference in entropy S E (θ E ) between the Ψ 2 and Ψ 3 ground states
in powers of J ±± and J z± . We do this by writing the matrix M(q) [Eq. 74] as
where M 0 (q) is the matrix associated with the highsymmetry point, and X(q) that associated with the perturbation, and noting that
We then expand in powers of J ±± and J z± .
We find that the leading correction to ∆s π/3 is
where a = 0.0045. It follows that, for sufficiently small J 3 , the phase boundary between Ψ 2 and Ψ 3 should tend to the line J ±± = 0, with the Ψ 2 phase favoured for J ±± > 0 and Ψ 3 favoured for J ±± < 0. Numerical evaluation of Eq. (85), in the limit J 3 → 0, yields results in agreement with these arguments [cf. Fig. 1 ]. On the line J ±± = 0 itself, we find that the leading correction to the difference in entropy is
with b = −5.3 × 10 −5 . Hence the Ψ 3 state is weakly preferred, and the phase boundary will bend towards positive J 2 /|J 3 |, as observed in Fig. 1 of the main text. Since J z± is a term which drives ferromagnetic out of plane fluctuations, a negative sign for b is consistent with the argument that Ψ 3 is better connected to the ferromagnetic phase, and hence has a softer spectrum for ferromagnetic out-of-plane fluctuations. On the other hand, symmetries of the Ψ 2 states have been shown to allow for small antiferromagnetic out-of-plane ordering, of the "all in, all out" type 79 . In the limit |J 3 | (|J 1 |, |J 2 |), numerical evaluation of Eq. (85) yields the more complex, reentrant behaviour, as seen in Fig. 1 . This behaviour occurs over a very narrow region of parameter space, and is discussed in detail in Ref. [45] for the case of quantum, as opposed to thermal, order by disorder.
C. Quantum spin-wave theory
Quantum spin-wave theories for q = 0, 4-sublattice classical ground states of H ex [Eq. (1)] have been discussed by a number of authors, with attention focused on comparison with inelastic neutron scattering in applied magnetic field 26, 43 , and the way in which quantum fluctuations select between the one-dimensional manifold of states with E symmetry 26, 27, 45 . To date, all calculations have been carried out in the linear spin-wave approximation
where E 0 is the classical ground state energy defined in Eq. (70), ω ν (q) the spin-wave dispersion, and b ν a set of non-interacting bosons describing spin-wave modes with band index ν = 0, 1, 2, 3. Since the anisotropic exchange model H ex [Eq. (1)] does not, in general, posses any continuous symmetry, spin-wave excitations about a 4-sublattice classical ground states will generally be gapped, and quantum effects are small. However the enlarged ground-state manifolds occurring where different symmetry ground states meet can lead to "accidental" degeneracies in the spinwave spectrum, and large quantum fluctuations about the ordered state. The effect of these fluctuations on classical order may be estimated by calculating the correction to the ordered moment on sublattice i, S w i defined in Eq. B1. Details of calculations are given in Appendix B. In all of the 4-sublattice phases described in this text, S w i is the same for all sublattices i = 0, 1, 2, 3. In Fig. 15 we show the effect of quantum fluctuations on the classical, zero-temperature ground states of H ex [Eq. (1)]. For parameters which are deep within the ordered phases, the ordered moment approaches its full classical value. However the enlarged ground-state degeneracies on classical phase boundaries lead to additional zero-modes in the spin-wave spectrum, and correspondingly larger corrections. Corrections to the ordered moment diverge logarithmically approaching the boundary with the Palmer-Chalker phase from Ψ 2 , where there are entire planes of zero modes, and approaching the boundary with the ferromagnetic phases from the Palmer-Chalker phase.
In Fig. 2 Regions where quantum fluctuations eliminate the ordered moment entirely, are shaded white. The effect is strongest where the degeneracy of the classical ground state is highest, i.e. approaching the Heisenberg line
and in the vicinity of the special point
The absence of an ordered moment within linear spinwave theory can indicate a region where conventional magnetic order breaks down entirely, and typically underestimates the extent of any unconventional order [85] [86] [87] [88] . It therefore seems reasonable to suggest that the vicinity of these phase boundaries will be favorable places to find novel quantum ground states and quantum spin liquids. We will return to this point in our discussion of Er 2 Sn 2 O 7 , in Section IX.
D. Cross section in neutron scattering
Inelastic neutron scattering experiments measure the dynamical structure factor
where the projection operator
reflects the fact the neutron interacts with the components of the spin transverse to the momentum transfer q, and
is the Fourier transform of the magnetic moment associated with the rare-earth ions, for a given sublattice i = 0, 1, 2, 3. The associated g-tensor g αβ i is defined in Appendix A.
The equal-time structure factor measured in energyintegrated, quasi-elastic neutron scattering, is given by For many purposes it is also convenient to resolve the equal-time structure factor S(q) = S(q, t = 0) into spinflip (SF) and non-spin flip (NSF) components, or comparison with experiments carried out using polarised neutrons. For neutrons with polarisation along a direction n ⊥ q, these are given by
In this article, where we quote results for SF and NSF components of S(q), we follow the conventions of Fennell et al. [89] and considern = (1, −1, 0)/ √ 2. Connection to theory is made by using simulation, or spin-wave theory to evaluate the correlations of the magnetic moments m i α (q, t). Equal-time correlations S(q) [Eqs. (94) (95) (96) ] can be calculated directly using classical Monte Carlo simulation described in Section V, or using the classical spin wave theory described in Section IV A. The quantum spin-wave theory described in Section IV C and Appendix B, gives access to the full dynamical structure factor S(q, ω) [Eq. (92)], as measured by inelastic neutron scattering.
In the case of the classical spin-wave theory discussed in Section IV A, equal time correlations m i α (−q)m j β (q) are expressed in terms of the correlations of the spin wave modes υ ν (q) using Eqs. (68) and (79) . The required correlation functions υ νq υ λ−q can then be obtained directly from Eq. (80)
In Figs. 20, 21, 22, explicit comparison is made between the equal-time structure factor S(q) calculated within classical Monte Carlo simulation, and from a low-temperature classical spin wave theory. We find excellent, quantitative agreement between the two approaches. This confirms classical spin-wave theory as a useful link between the exact analytical zerotemperature theory developed in Sections II and III and the finite-temperature simulations presented in Section V.
In the case of the quantum spin-wave theory described in Section IV C and Appendix B, it is necessary to reexpress the spin correlation functions S (100)
V. FINITE-TEMPERATURE PROPERTIES
The symmetry analysis and "Lego-brick" rules described in Section II, analysis of ground-state energy described in Section III, and spin-wave theory described in Section IV, together make it possible to determine the ordered ground-states of the anisotropic exchange model H ex [Eq. (1)], in the limit T → 0. The resulting classical ground-state phase diagram is shown in phase diagram Fig. 1 . However the interesting and unusual properties of rare-earth pyrochlore oxides all come from experiments carried out at finite temperature, and often relate to paramagnetic, rather than ordered phases. We have therefore used classical Monte Carlo simulations to explore the physics of H ex at finite temperature. The main conclusions of these simulations are summarized in the finite-temperature phase diagram Fig. 3 .
We note that, although the systems we wish to describe are fundamentally quantum in nature, the classical simulations can be expected to give a qualitatively correct description of the physics in the high temperature, paramagnetic phase, where thermal fluctuations destroy quantum coherence. The classical description should also work, at least in some respects, at low temperature as long as the ground state of the quantum system is in a classically ordered phase. Ultimately, the best justification for our approach will come a posteriori from agreement with neutron scattering experiments [cf. Fig. 24 ].
In what follows we document the nature of phase transitions from the paramagnet into each of the ordered phases [Sections V A-V D], and explore how the enlarged ground-state degeneracies at classical phase boundaries manifest themselves at finite temperature [Section VI]. Technical details of simulations are given in Appendix C.
A. Finite-temperature transition from the paramagnet into the Palmer-Chalker phase
The most revealing feature of any broken-symmetry state is usually its finite-temperature phase transition. In Fig. 16 we show simulation results for the finitetemperature phase transition from the paramagnet into Palmer-Chalker phase with T 2 symmetry. Simulations were carried out for parameters the order-parameter susceptibility χ T2 (T ) [ Fig. 16(b) ] at T T2 = 305 ± 5 mK.
Symmetry permits a continuous phase transition between the paramagnet and the Palmer-Chalker phase. However for this parameter set, fluctuations drive the transition first order, as is evident from the discontinuity in the value of the order parameter m T2 for T = T T2 [ Fig. 16(c)] , and the double peak in the probability dis-tribution for the energy [ Fig. 16(d)] . The single peak in the probability distribution for the energy [ Fig. 17(e) ] suggests that for these parameters, the thermal phase transition from paramagnet to noncollinear FM in a classical model is probably continuous and at most very weakly first order.
C. Transition from the paramagnet into the Ψ2 phase
In Fig. 18 we show simulation results for the finite-temperature phase transition from the paramagnet into the Ψ 2 phase, for parameters appropriate to Both the smooth evolution of the primary order parameter, m E [ Fig. 18(c)] , and the single peak in the probability distribution for the energy [ Fig. 18(e) ] suggests that the phase transition seen in simulation is at most weakly first-order. For the clusters simulated, we confirm that it is possible to obtain a fairly good collapse of data for χ E (T ) [ Fig. 18(b) ] using 3D XY exponents 78 . However there are only a discrete number of Ψ 2 ground states, and a finite value of |m E | alone does not imply Ψ 2 order. Evidence for the Ψ 2 ground state comes from the secondary order parameter c E = cos 6θ E > 0 [ Fig. 18(d) a T * T E , without any accompanying feature in c h (T ) [ Fig. 18(a) ].
On the basis of Landau theory we anticipate that any finite value of m E = |m E | will induce degeneracy breaking in θ E , and that the entropic selection within the E manifold should therefore occur concurrently with the onset of magnetic order. Depending on the sign of the relevant coupling,
the system will then enter either a Ψ 2 or a Ψ 3 ground state. However, the free-energy barrier separating the Ψ 2 and Ψ 3 ground states is very small, and this in turn sets a very large length-scale for the selection of the Ψ 2 ground state. Based on the low-temperature expansion F low−T ex [Eq. (81)], we estimate that clusters of N ∼ 10 9 sites should be able to clearly resolve which state is selected at the magnetic ordering temperature.
D. Transition from the paramagnet into the Ψ3 phase
In Fig. 19 we show simulation results for the finitetemperature phase transition from the paramagnet into the Ψ 3 phase, for parameters
close to the border with the non-collinear ferromagnet. Anomalies in both the specific heat c h (T ) [ Fig. 19(a) ] and order-parameter susceptibility χ E (T ) [ Fig. 19(b) ] at T E = 395 ± 5mK offer clear evidence of a phase transition. Both the smooth evolution of the primary order parameter, m E [ Fig. 19(c)] , and the single peak in the probability distribution for the energy [ Fig. 19(e) ] suggest that this phase transition is continuous.
Evidence for the Ψ 3 ground state comes from the finite value of the secondary order parameter c E = cos 6θ E < 0 [ Fig. 19(d) ]. This secondary order parameter shows only a slow onset, consistent with a crossover into the Ψ 3 state, and is very strongly size-dependent. As with the Ψ 2 state considered above, we infer that, with increasing system size, the temperature associated with this crossover scales towards T = T N , and that in the thermodynamic limit, a single phase transition takes place from the paramagnet into the Ψ 3 state.
E. Comparison between Monte Carlo simulation and classical spin wave theory
Here, to demonstrate the validity of our theory, we compare the structure factors, as calculated from the classical spin wave theory H parameters of Yb 2 Ti 2 O 7 as found in Ref. [43] where the classical ground state is ferromagnetic, the parameters of Er 2 Ti 2 O 7 as found in Ref. [26] where we expect the order by disorder mechanism to favour the Ψ 2 states and one set of parameters where the order by disorder mechanism favours the Ψ 3 states. We find excellent, quantitative agreement between the two methods.
In Fig. 20 we show the structure factor S(q) calculated both from classical spin wave theory and from Monte Carlo simulation at T = 0.05K, in the NSF, SF and total scattering channels (see Eqs. (94), (95) and (96)). We have used the experimentally determined parameters for the g-tensor 90 g z = 1.77, g xy = 4.18 and exchange integrals 43 J 1 = −0.09meV, J 2 = −0.22meV and J 3 = −0.29meV, setting J 4 ≡ 0. The excellent, quantitative agreement between spin wave theory and simulation demonstrates the excellent equilibration of the simulations down to 0.05K for the parameters of Yb 2 Ti 2 O 7 .
S(q) is also useful for studying the entropic ground state selection within the one-dimensional manifold of state with E symmetry. For a given set of parameters we may compare the diffuse scattering calculated in spin wave theory in expansions around the Ψ 3 and Ψ 2 phases with the diffuse scattering calculated in simulations.
Such a comparison is shown in Fig. 21 , for exchange parameters appropriate to Er 2 Ti 2 O 7 (J 1 = 0.11 meV, J 2 = −0.06 meV and J 3 = −0.10 meV, setting J 4 ≡ 0) and temperature T = 0.36K. From the entropy calculations shown in Fig. 14 we expect the Ψ 2 state to be preferred for these values of the exchange parameters.
Comparison of of the distribution of weight in the vicinity of the (1, 1, 1), (3, 3, 3) and (1, 1, 3 ) reciprocal lattice vectors between the Monte Carlo data and the spin wave expansions around the Ψ 2 and Ψ 3 phases supports this conclusion.
Similarly, in Fig. 22 we show a comparison of the diffuse scattering between Monte Carlo simulations and spin wave expansions around the Ψ 2 and Ψ 3 phases for exchange parameters approaching the non-collinear ferromagnetic phase (J 1 = 0, J 2 = −1.0 meV and J 3 = −0.1 meV, J 4 = 0), at T = 0.4K. Calculations of the entropy within spin wave theory show that the Ψ 3 state should be preferred by fluctuations for these parameters, and this is confirmed by the comparison of the structure factors, in particular by the presence of bright rods along the 111 directions. Fig. 25 ], are visible in both SF and NSF channels. All results were obtained at T = 0.05 K, for exchange parameters J1 = −0.09meV, J2 = −0.22meV, J3 = −0.29meV, setting J4 = 0. SF and NSF channels are defined with respect to a neutron with polarisation in the (1, −1, 0) direction, as in Ref. 89 . S(q) has been calculated using the experimentally measured g-tensor for Yb2Ti2O7 43, 90 , with gz = 1.77, gxy = 4.18. In order to avoid saturating the colour scale, the intensity associated with Bragg peaks at reciprocal lattice vectors has been subtracted.
FIG. 21:
Comparison between results for equal-time structure factor S(q) obtained in classical Monte Carlo (MC) simulation and low-temperature expansion (classical spin wave theory) for parameters appropriate to Er2Ti2O7. a) Total scattering in the (h, h, l) plane within MC simulation. b) Associated scattering in the non spin-flip (NSF) channel. c) Associated scattering in the spin-flip (SF) channel. d) Total scattering in the (h, h, l) plane within a spin-wave expansion about a Ψ2 ground state. e) Associated scattering in the NSF channel. f) Associated scattering in the SF channel. g) Total scattering in the (h, h, l) plane within a spin-wave expansion about a Ψ3 ground state. h) Associated scattering in the NSF channel. i) Associated scattering in the SF channel. Careful comparison of the distribution of scattering in the vicinity of the (1, 1, 1), (3, 3, 3) and (1, 1, 3 ) reciprocal lattice vectors supports the conclusion that the Ψ2 state is preferred for these exchange parameters, in agreement with experiment and the calculations described in the text. All results were obtained at T = 0.36 K, for exchange parameters J1 = 0.11 meV, J2 = −0.06 meV, J3 = −0.10 meV, setting J4 ≡ 0 and g-tensor parameters gz = 2.45 and gxy = 5.97 [26] . For clarity, intensity associated with Bragg peaks at reciprocal lattice vectors has been subtracted. [111] directions. e) Associated scattering in the NSF channel. f) Associated scattering in the SF channel. g) Total scattering in the (h, h, l) plane within a classical spin-wave expansion about a Ψ2 ground state. h) Associated scattering in the NSF channel. i) Associated scattering in the SF channel. Comparison of the scattering supports the conclusion that the Ψ3 ground state is found in simulation, in agreement with the results of the low-T expansion [cf. Fig. 14 ]. An isotropic g-tensor gz = 1, gxy = 1 has been assumed. For clarity, intensity associated with Bragg peaks at reciprocal lattice vectors has been subtracted.
VI. LIVING ON THE EDGE : THE INFLUENCE OF GROUND STATE MANIFOLDS ON FINITE-TEMPERATURE PHASE TRANSITIONS
The major assertion of this article is that many of the interesting properties of pyrochlore magnets -for example the rods of scattering observed in Yb 2 Ti 2 O 7 , and the order-by-disorder selection of a Ψ 2 ground state in Er 2 Ti 2 O 7 , see Sections VII and VIII -are the direct consequence of competition between different ordered phases, and in particular, of the high ground-state degeneracy where phases with different symmetry meet. While the arguments for enlarged ground state manifolds at T = 0 are easy to understand, it is far less obvious that this degeneracy should make itself felt at finite temperature, especially where it is not protected by symmetry.
We can test the internal consistency of these ideas by using the probability distribution of the order parameter
[cf. Eq. (38)] to deconstruct the order-by-disorder selection of Ψ 2 and Ψ 3 ground states in finite-temperatures simulations of H ex [Eq. (4)]. The probability density function P (m E ) is sensitive both to the formation of a one-dimensional manifold of states with E symmetrywhich manifests itself as a ring in P (m E ) -and to the selection of an ordered ground state within this manifold -which will appear as six degenerate maxima within the ring.
P (m E ) also enables us to study the evolution of the ground state manifolds at the boundaries between phases with competing symmetry -in this case either with T 2 or with T 1,A . At these phase boundaries, m E takes on a new, constrained set of values, characteristic of the way in which different manifolds connect. For example Eqs. (53) (54) (55) predicts that, on the boundary with the Palmer-Chalker phase, the one-dimensional manifold of states with |m E | = 1 acquires "spokes" in the directions
connecting m E = 0 with the six Ψ 2 ground states. Observation of such a "spoked wheel" pattern in P (m E ) at finite temperature would therefore confirm that the zerotemperature degeneracies were still operative.
In an exactly parallel manner, we find that on the boundary with the ferromagnetic phase it is possible to deform the ground state continuously from Ψ 3 to a corresponding ferromagnetic state. For this reason Ψ 3 should be favoured approaching the boundary with the ferromagnet [cf. Fig. 1] .
In Fig. 23 we present results for P (m E ) and S(q) taken from simulations of H ex [Eq. (4)] for three sets of parameters
where we expect a Ψ 3 ground state, while approaching the border with the non-collinear FM [ Fig. 23 (a, d, g, j) ]; (B) (J 1 , J 2 , J 3 , J 4 ) = (0.11, 0.06, −0.1, 0) meV where we expect a Ψ 2 ground state, approaching the border with the Palmer-Chalker phase [ Fig. 23 (b, e, h, k)] ; and (C) (J 1 , J 2 , J 3 , J 4 ) = (0.11, 0.11, −0.1, 0) meV exactly on the T = 0 border of the Palmer-Chalker phase [ Fig. 23 (c, f, i, l) ].
The results for S(q) shown in Fig. 23(a-c) , demonstrate the diffuse structure expected in the paramagnet in each case : (A) Fig. 23(a) -rods of scattering, reminiscent of those observed in Yb 2 Ti 2 O 7 [20] [21] [22] [23] [24] ; (B) Fig. 23(b) -a diffuse web of rings, reminiscent to that observed in experiments on Er 2 Ti 2 O 7 [see Fig. 24(a-d) for more details], also ordering in Ψ 2 ; (C) Fig. 23(c) -"bow-tie" patterns reminiscent of the pinch points observed in the Heisenberg antiferromagnet on a pyrochlore lattice [44] . Indeed, the Heisenberg antiferromagnet corresponds to the parameters of figure 23(c) with
The results for P (m E ) strongly validate our understanding of the problem in terms of degenerate ground state manifolds, even at finite temperatures. On the border of the Palmer-Chalker phase (C) P (m E ) shows a diffuse spoked wheel both above T c [ Fig. 23(f) ] and at T c [ Fig. 23(i) ] , confirming that the connection implied by the T = 0 ground state manifold survives even for temperatures above the phase transition. The remnant of this spoked wheel pattern is even seen at T c when we tune away from the phase boundary (parameter set (B)) [ Fig.  23(h) ]. This spoked wheel pattern in P (m E ) is strong evidence that the manifolds continue to be operative at T c and play a role in ordered state selection. This perspective is consistent with the Ginzburg-Landau theory presented in Ref. 79 . And it gives new insight into how the terms in the Ginzburg-Landau theory which lift the U (1) degeneracy are generated -namely by fluctuations into these low-energy manifolds.
The reason why we see the spoked wheel pattern at T c = 0.26 K for parameter set (B) and not at T c = 0.39 K for parameter set (A) is probably a consequence of the strong finite size dependence of the entropic selection between Ψ 2 and Ψ 3 .
To conclude, we should add that where these two phase boundaries approach one another, the soft modes associated with the two different sets of manifolds compete. This leads to the complicated, reentrant behaviour seen in Fig. 1 , and studied for quantum spins in [45] . For a finite-size system, the onset of Ψ3 occurs progressively, through (g) the emergence of a one-dimensional manifold of states with finite |m E |, and then (j) the entropic selection of θ E corresponding to one of six distinct Ψ3 ground states. (a) The connection with the non-collinear FM is evident in S(q), with rods of scattering strongly reminiscent of those seen in Yb2Ti2O7. Parameter set (B): The same process occurs , but in this case P(m E ) shows that Ψ2 ground states are favoured at low temperatures (k) and even at the transition (h). Parameter set (C): On the boundary of the Palmer-Chalker phase, the ground state manifold includes additional manifolds of states which mix m E and m T 2 . These are evident (f,i) in the "spoked wheel" seen in P(m E ) at T ≥ Tc, and drive the entropic selection of the Ψ2 ground state. (c) The high degeneracy at this phase boundary is also evident in the "bow-tie" structure in S(q). Further details of simulations and the parameters corresponding to (A), (B) and (C) are given in the text. 
VII. APPLICATION TO Er2Ti2O7
Early heat capacity measurement of Er 2 Ti 2 O 7 revealed a phase transition at T c = 1.25 K, releasing an entropy ∆s ≈ 0.97k B ln 2 per spin, consistent with the ordering of the ground state doublet of Er [18] . Later, neutron scattering studies revealed the nature of the low temperature order, finding it to correspond to the Ψ 2 configurations illustrated in Fig. 10 [25, 26, 64] .
The selection of the Ψ 2 states in Er 2 Ti 2 O 7 out of the 1D manifold of states transforming with E symmetry has been identified as a textbook example of order-bydisorder 25 , with quantum zero-point fluctuations 26, 27, 45 , low-temperature classical thermal fluctuations 80 and thermal flucuations near the ordering temperature 28, 78 all favouring Ψ 2 order. A corollary of this conclusion is that there should be a small, fluctuation induced, gap at q = 0 in the spin wave spectrum. And, such a gap has now been observed in inelastic neutron scattering 92 . We note that, an alternative scenario has been proposed in which the selection of Ψ 2 comes instead from virtual fluctuations into higher crystal field levels 29, 42, 93 . Thus it may in fact be that the selection of Ψ 2 has multiple contributions-both from harmonic fluctuations of the ground state order and from virtual crystal field fluctuations.
Here, using the exchange parameters for Er 2 Ti 2 O 7 taken from [26] , we confirm that thermal fluctuations of classical Heisenberg spins select a Ψ 2 phase at finite temperature. Estimates from our Monte Carlo simulations give T c ≈ 500mK [ Fig. 18 ], somewhat lower than both experiments and those obtained in a high temperature series expansion of the quantum spin model 28 . But within the paramagnetic phase, our simulations of the spin structure factor S(q) are in excellent agreement with neutron scattering measurements 91 showing the build-up of long-range order, as can be seen from the comparison between Fig. 24(d) of this work and Fig. 14 of Ref. [91] .
A question which remains is why fluctuations should favour Ψ 2 in the case of Er 2 Ti 2 O 7 and more generally why they should favour either Ψ 2 or Ψ 3 for a given set of exchange parameters {J i }. Our work provides the answer to this question and, in so doing, underlines how the properties of a frustrated magnet are strongly influenced by competing phases.
The mechanism by which the Ψ 2 states are selected is inherited from the phase boundary with the neighbouring Palmer-Chalker phase. At this boundary three additional continuous sets of ground states apppear connecting the 6 Palmer-Chalker ground states, to the 1D manifold of E symmetry states [ Fig. 13 ]. The points in configuration space at which these sets of ground states meet are none other than the Ψ 2 configurations. Due to their favoured position at the junctions of the ground state manifold the Ψ 2 states gain additional soft modes and are selected by fluctuations in the region approaching the boundary with the Palmer-Chalker phase. The consequences of these connected manifolds are visible even in finite temperature simulations as shown in Fig. 23 .
It is worth noting that an exactly parallel mechanism selects the Ψ 3 states for parameters proximate to the ferromagnetic phase. In the region proximate to both Palmer-Chalker and Ferromagnetic phases, a complicated re-entrant behaviour is observed 45 [ Fig. 1 ].
Our work shows that the preference of fluctuations for Ψ 2 ordering in Er 2 Ti 2 O 7 is a property inherited from a nearby phase boundary where the Ψ 2 states sit at the junctions of a connected ground state manifold. In the context of this result it is interesting to ask how the spin correlations evolve as the exchange parameters are tuned from those appropriate to Er 2 Ti 2 O 7 to the boundary of the Palmer-Chalker phase. This is illustrated using Monte Carlo simulations of the spin structure factor S(q) in Fig. 24(a-c) . For the parameters appropriate to Er 2 Ti 2 O 7 , our simulations reproduce the smooth features observed in experiment. As the phase boundary is approached these smooth features evolve into sharp, pinchpoint like features, associated with the large ground state manifold on the phase boundary. In the limit J 3 → 0 these pinch-point like features become the pinch points associated with the Coulomb phase of the O(3) Heisenberg model on the pyrochlore lattice 44 . Our study of the ground state selection in Er 2 Ti 2 O 7 emphasises that the properties of frustrated magnets can be strongly influenced by the soft modes appearing on nearby boundaries. This same essential insight also manifests itself -in rather different ways -in the study of Yb 2 Ti 2 O 7 and Er 2 Sn 2 O 7 , to which we now turn.
VIII. APPLICATION TO Yb2Ti2O7
Like its sister compound Er 2 Ti 2 O 7 , Yb 2 Ti 2 O 7 was first identified as undergoing a finite temperature ordering transition in the heat capacity study by Blöte et al., nearly 50 years ago 18 . That study revealed a sharp anomaly in the heat capacity at T c = 0.214K, with a corresponding release of entropy of ∆s = 0.97k B ln 2 per spin. Since then, the presence of this phase transition in stoichiometric Yb 2 Ti 2 O 7 has been debated in the literature, with different groups, with different samples, reporting differing results for the presence or absence of magnetic order. Nevertheless, it is now widely accepted that stoichiometric Yb 2 Ti 2 O 7 undergoes a thermodynamic phase transition into a state with finite magnetisation at a temperature T c ∼ 0.2K [24, [65] [66] [67] [69] [70] [71] [72] 94, 95] .
For the parameters given by Ross et al. [43] , the theory developed in Section III predicts that Yb 2 Ti 2 O 7 has a q = 0 ground state, with non-collinear order ferromagnetic order. This "splayed ferromagnet" is consistent with the interpretation of neutron scattering experiments given in [66, [69] [70] [71] . An ordered ground state of this type would normally be expected to support coherent, dispersing spin-wave excitations, with a finite gap coming from the anisotropy of exchange interactions, as illustrated in Fig. 26 . Curiously, however, gapped, coherent spin-waves have yet to be observed in Yb 2 Ti 2 O 7 , with a succession of experiments reporting a broad, gapless continuum at low temperatures 21, [69] [70] [71] . The origin of this gapless continuum remains a puzzle, although the presence of competing classical ordered phases must ultimately impact on quantum excitations 68 . It is also important to recall that the ordered ground state breaks only the pointgroup symmetries of the anisotropic exchange model H ex [Eq. (1)], and so spin-waves cannot be interpreted as Goldstone modes. It follows that interaction effects may play an important role, even at low orders in 1/S. And it is interesting to note that the broad continuum observed in experiment has more in common with semiclassical simulations of the spin-excitations of the paramagnetic phase of Yb 2 Ti 2 O 7 [71, 96] , than with the linear spin-wave excitations of the ground state, as shown in Fig. 26 . This point will be discussed further elsewhere 97 .
While the nature of the ground state of Yb 2 Ti 2 O 7 has proved controversial, and the associated excitations remain to be understood, all neutron-scattering experiments agree about the signature feature of its paramagnetic phase -striking "rod"-like structures along the 111 directions of reciprocal space. First observed more than ten years ago 20 , these rods of scattering have since been interpreted as evidence of dimensional reduction 21, 22 and, in the context of H ex [Eq. (1)], as evidence of significant anisotropic exchange interactions 23, 43, 49 . They are a robust feature of S(q), as calculated from H ex [Eq. (1)] within both the (semi-classical) random phase approximation 23, 24 , and classical Monte Carlo simulations 68 [ Fig. 24 ]. However, despite their ubiquity, the origin of these rods of scattering remains mysterious.
To understand the origin of the rods of scattering we must once again look to the influence of the phase boundaries. The classical ground states of H ex reduce to a set of independent kagome planes on the boundary between FM and Palmer-Chalker phases, and to a set of independent chains on the boundary between the Ψ 2 and Palmer-Chalker phases. However the rods of scattering seen in Yb 2 Ti 2 O 7 occur for parameters where the ground state of H ex is expected to be ordered and fully three-dimensional 43 . Indeed, our classical Monte Carlo simulations predict that Yb 2 Ti 2 O 7 orders at 450 mK [cf. Fig. 17 ], a little higher than the T c ≈ 200 mK found in experiment.
Within the scenario of multiple-phase competition, rods of scattering can be traced back to dimensionallyreduced excitations, due to quasi-degenerate lines of lowlying spin wave excitations, which evolve into low-lying excitations of Ψ 3 on the boundary between the FM and the Ψ 3 phases [cf. Fig. 25 ]. This progression is also clear in the evolution of S(q) from parameters appropriate to Yb 2 Ti 2 O 7 [ Fig. 24(e) ] to the border of the Ψ 3 phase [ Fig. 24(g) ], also shown in Ref. [68] .
Seen in this light, the observation of rods of scattering in Yb 2 Ti 2 O 7 is a consequence of the proximity of competing ordered states-in this case the Ψ 2 and Ψ 3 states. The importance of these competing ground states in driving the unusual physics of Yb 2 Ti 2 O 7 has been underlined in recent work 68, 71 . In Ref. [68] it was shown that both quantum and thermal fluctuations bring the phase boundary between ferromagnetic and E symmetry phases closer to the parameter regime appropriate to Yb 2 Ti 2 O 7 . In this sense, Yb 2 Ti 2 O 7 really is a material "living on the edge" between differing magnetic orders, and the rods of scattering are a manifestation of this.
IX. APPLICATION TO Er2Sn2O7
Like On the Palmer-Chalker (Ψ4) side of the phase boundary, the quantum correction to the ordered moment is small. However, the correction diverges on the approach the phase boundary from the non-coplanar antiferromagnet (Ψ2), indicating the possibility of a region of quantum disorder between these two phases. Experimental estimates of exchange parameters in Er2Sn2O7 [34] place it close to this phase boundary, making it a good candidate for the observation of quantum spin-liquid physics. Calculations were carried out for the anisotropic exchange model Hex [Eq.
(1)], as described in Section IV C and Appendix B, with parameters J2 = 0.08 meV, J3 = −0.11 meV taken from [34] , setting the DzyaloshinskiiMoriya interaction J4 = 0. The error bars on the estimated value of J1 are taken from Ref. [34] .
tron scattering 34 , and magnetization measurements show some evidence of spin-freezing at low temperatures 34 . Nonetheless, Er 2 Sn 2 O 7 shows no evidence of magnetic order, in thermodynamic measurements 33, 34 , µSR 31 , or neutron scattering 33, 34 , down to a temperature of 20 mK [31] .
The exchange parameters determined for Er 2 Sn 2 O 7 in Ref. [34] would place it extremely close to the phase boundary between the Palmer-Chalker and Ψ 2 states [ Fig. 1 ]. Classical Monte Carlo simulations with this parameter set predict a phase transition into the PalmerChalker state at T c ≈ 200mK. However, we can once more gain further insight by looking at the behaviour of the model H ex approaching the phase boundary.
As the phase boundary is approached, the groundstate value of the ordered moment, as calculated in linear spin wave theory, is reduced by quantum fluctuations. This is illustrated in Fig. 27 . Approaching the boundary from the Palmer-Chalker side, this quantum correction is small. However, approaching the boundary from the Ψ 2 side, the correction is logarithmically divergent. Since spin wave theory typically underestimates quantum effects, this divergence is a likely indicator of a region of quantum disorder between the Palmer-Chalker and Ψ 2 region of the phase diagram [cf. Fig. 2 That said, many of the same physical phenomena arise in pyrochlore magnets based on non-Kramers ions and, where these have a doublet ground state, interactions may also be described using H ex [8, 51] [39] have both been identified as having ferromagnetic ground states, and may therefore be placed in the non-collinear ferromagnet (T 1 ) region of our phase diagram. Meanwhile, the ground state of another Yb based system, Yb 2 Ge 2 O 7 has been shown in neutron scattering experiments to belong to the manifold of E symmetry states, although any ground state selection between Ψ 2 and Ψ 3 configurations has yet to be determined 101, 102 . The progression, as a function of decreasing transition metal ionic radius Sn→Pt→Ti→Ge for the Yb 2 M 2 O 7 compounds thus tunes across the phase boundary between the ferromagnetic and Ψ 2 /Ψ 3 regions in Fig. 1 [68, 101] . The spin excitations above these ordered states remain a puzzle, however, with a recent systematic study of the Sn, Ti and Ge compounds showing an absence of coherent spin waves in all three materials, and a continuity of the inelastic neutron scattering spectrum across the finite temperature ordering transition in each case 70 .
Amongst Er based pyrochlores, Er 2 Ge 2 O 7 has been observed to order antiferromagnetically at T N = 1.41K [38] . Neutron scattering experiments reveal this to belong to the Ψ 2 /Ψ 3 region of the phase diagram in Fig. 1 . The behaviour of the intensity of the magnetic Bragg peaks under external magnetic field suggests that fluctuations select a Ψ 3 ground state out of the E symmetry manifold for Er 2 Ge 2 O 7 [38] . Er 2 Pt 2 O 7 , also orders antiferromagnetically at T N = 0.3K. If the variation of exchange constants with the size of the transition metal ion M is montonic, then it would be expected for this material to lie near the boundary between the Ψ 2 and Palmer-Chalker regions of the phase diagram in Fig. 1 17, 104 . The physics of these pyrochlores is somewhat different from (e.g.) Yb and Er based systems because the Gd 3+ ions have vanishing orbital angular momentum L=0. The interactions of the S = 7/2 Gd spins are thus quite isotropic, and the nearest neighbour anisotropic exchange which is the focus of this article is a less important consideration than further neighbour interactions-including dipole-dipole interactions. Nevertheless, combining the effect of nearest neighbour antiferromagnetic exchange and the nearest neighbour part of the dipole-dipole interaction our theory does predict a Palmer-Chalker ground state which is consistent with observations on Gd 2 Sn 2 O 7 [105, 106] .
In Gd 2 Ti 2 O 7 further neighbour interactions drive a complex phenomenology involving multiple phase transitions and "partially ordered" states [107] [108] [109] [110] . The precise nature of the magnetic ground state remains a matter of discussion in the literature 111 , and is beyond the scope of the present study. Recently, another Gd pyrochlore, Gd 2 Pb 2 O 7 has been synthesised presenting an antiferromagnetic ordering transition at T=0.81K into an as yet unidentified ground state 112 . Nd based pyrochlores have attracted considerable recent attention and provide examples of "all-in, all out" ordering on the pyrochlore lattice [113] [114] [115] [116] . In particular, it has recently come to light that Nd 2 Zr 2 O 7 exhbits the novel phenomenon of "moment fragmentation" in which the spin correlations simultaneously show the pinch points of a Coulomb phase and the Bragg peaks of an ordered state [117] [118] [119] . However, we note that the ground doublet of the Nd ions is of the dipolar-octupolar type 115, 116 . In this case, the anisotropic exchange interactions would have a different form to Eq. (6) [52] . Recently, a Ce based pyrochlore Ce 2 Sn 2 O 7 , also believed to belong to the group of dipolar-octupolar pyrochlores, has been synthesised which appears to show an absence of magnetic order down to T = 0.02K [53] , suggesting it as a promising candidate spin-liquid system.
There are also many pyrochlore systems where the rare-earth ion R is a non-Kramers ion, such as Tb 3+ or Pr 3+ [17] . Many of these systems also exhibit two-fold degenerate crystal field ground states, and a pseudospin-1/2 description of the magnetic degrees of freedom may be appropriate 51, 120, 121 (although in the Tb 3+ systems the picture is complicated by the relatively small gap to crystal field excitations [122] [123] [124] ). In this case the nearest neighbour bilinear exhange Hamiltonian for these pseudospins takes the form of Eq. (8), with the constraint that J z± = 0 [8, 51] -cf. Table II . The pseudospin S must also be interpreted differently in this case with the part of the pseudospin perpendicular to the local [111] directions corresponding to a quadrupolar degree of freedom. Thus, an "easy plane" order of the pseudospins (as occurs in the E and T 2 regions of our phase diagram) actually corresponds to quadrupolar order for non-Kramers ions.
Amongst the Tb pyrochlores, Tb 2 Sn 2 O 7 is known to exhibit ferromagnetic order 73, 74, 125 and therefore belongs to the T 1 region of the phase diagram. Tb 2 Ti 2 O 7 , meanwhile, has been studied for a long time as a candidate spin-liquid 126,127 exhibiting power-law spin correlations 128, 129 . The apparent spin-liquid behaviour has been linked with quantum spin ice physics 55 , but it has recently been proposed that an alternative form of spin-liquid physics may be at work 47 . Recent studies have also revealed the presence of competing ordered states, with quadrupolar order (corresponding to a Palmer-Chalker like configuration of the pseudospins 130, 131 ) and antiferromagnetic q = (1/2, 1/2, 1/2) order 132, 133 observed depending on the sample details and the experimental cooling protocol. Tb 2 Ge 2 O 7 has recently come to light as another system of interest for spin liquid physics, with no long range order observed down to 20mK and short range ferromagnetic correlations 134 . This may suggest that Tb 2 Ge 2 O 7 lives in a region of disorder, proximate to the ferromagnetic (T 1 ) phase, such as that proposed in Ref. [47] .
At the same time, the Pr based pyrochlores, Pr 2 M 2 O 7 (M=Sn, Zr, Hf, Pb) have emerged as promising candidates for quantum spin ice physics, exhibiting an absence of magnetic order and dynamic, spin-ice like correlations 112, [135] [136] [137] .
XI. CONCLUSION
Rare-earth pyrochlore oxides offer a veritable treasure trove of novel physical phenomena, ranging from classical and quantum spin liquids, to dimensional reduction, and phases governed by order-by-disorder effects. In this Article we have established a general theory of multiplephase competition in materials with anisotropic exchange interactions on the pyrochlore lattice, and shown how it can be can be applied to three specific materials : Er 2 Ti 2 O 7 , Yb 2 Ti 2 O 7 and Er 2 Sn 2 O 7 . The recurring theme throughout this analysis is of materials "living on the edge", in the sense of having properties which are dictated by the competition between neighbouring forms of magnetic order.
Starting from a very general model of interactions between nearest-neighbour spins on the pyrochlore lattice, H ex [Eq. (1)], we have used an analysis based on point-group symmetry to establish the exact, classical, ground-state phase diagram [Sections II and III]. As a by-product, we provide a complete classification of possible four-sublattice ordered states, according to the way they lift the symmetry of a single tetrahedron. Moreover, using the "Lego-brick" rules developed in Section II E, we are able to identify the conditions under which the classical ground state manifold undergoes a dimensional reduction into independent planes or chains of spins, opening the door to new physical phenomena.
We have given particularly careful consideration to the ground-state manifolds in the limit where the symmetric off diagonal exchange J 3 < 0 and the DzyaloshinskiiMoriya interaction J 4 = 0 [Section III]. Based on the experimental parameterisations of exchange interactions for Kramers pyrochlores 26, 34, 43 , this limit is of particular experimental relevance. We have elucidated the nature of the expanded ground state manifolds which occur at the phase boundaries of this model, and it is these which drive much of the physics of the surrounding regions of parameter space.
Stepping out of the ground state manifold, we have given, in Section IV, calculations of the spin wave excitations in the ordered phases. Among other things, this allows us to determine the ground state selection by both quantum and thermal fluctuation and to identify regions of the phase diagram where classical order will be melted by quantum fluctuations.
We have also studied the finite-temperature properties of the anisotropic exchange model [Eq. (1)] using classical Monte Carlo simulations, presented in Sections V and VI. These simulations make it possible to determine the finite temperature phase diagram [ Fig. (3) ] and to show how the expanded ground state manifolds on the phase boundaries manifest themselves at finite temperature [ Fig. 23 ].
The implications of our theory for three specific pyrochlore materials -Er 2 Ti 2 O 7 , Yb 2 Ti 2 O 7 and Er 2 Sn 2 O 7 -are expounded in Sections VII, VIII and IX. We find that the influence of nearby phase boundaries accounts for the ground state selection by fluctuations in Er 2 Ti 2 O 7 , the apparent dimensional reduction in the paramagnetic phase of Yb 2 Ti 2 O 7 , and the suppression of magnetic order in Er 2 Sn 2 O 7 . The unusual properties of these three materials can be understood as "living on the edge" -having properties controlled by the competition between different ground states.
As discussed in Section X, the family of rare earth pyrochlore magnets is a large one, extending well beyond the three materials covered in Sections VII to IX. In particular, recent work has seen the synthesis of rare earth pyrochlores R 2 M 2 O 7 with M =Ge, Pt, Pb, Os, Zr, Hf [38, 39, 112, [137] [138] [139] . This work suggests the possibility to move around the phase diagram shown in Fig. 1 and Fig. 2 , using chemical or physical pressure. This would be particularly interesting in cases where systems related by a change of transition metal ion M live on opposite sides of a classical phase boundary. One might then hope to tune through a region of strong quantum fluctuations using substitution of the transition metal ion. Such an opportunity would seem to present itself for Er 2 M 2 O 7 with M =Sn, Ti and Yb 2 M 2 O 7 with M =Ge, Ti [68] .
Our analysis may also be useful in the study of related systems, such as the rare-earth spinel CdEr 2 Se 4 [140] , where the Er ions also form a pyrochlore lattice. Looking further afield, a modification of our theory could be used in the understanding of "breathing" pyrochlore compounds, where the tetrahedra of the pyrochlore lattice alternate in size [141] [142] [143] [144] . It is also interesting to note recent neutron scattering experiments on NaCaCo 2 F 7 , a pyrochlore material with quenched exchange disorder 145 . The observed diffuse scattering in that material is rather similar to that predicted by our Monte Carlo simulations in Fig. 24(b) . This may spring from a connection between the low-energy configurations found in the clean limit of the anisotropic exchange model, studied in this Article, and the low-energy configurations of the disordered system.
From a theoretical perspective, our work also highlights the importance of large, classical, ground-state degeneracies which are not related to the well-studied examples of spin ice, or of the Heisenberg antiferromagnet on a pyrochlore lattice. These degenaracies, which emerge in a number of different limits of H ex [Eq. (1)], could lead to novel forms of classical or quantum spin liquid, as well as entirely new forms of classical and quantum order 48 . One such case, where fluctuations lead to a spin-liquid described by a rank-2 tensor field with a continuous gauge symmetry, has been developed in Ref. [47] . However there are many other regions of parameter space where strong fluctuations persist to low temperature 146 , and the majority of these have yet to be fully explored. It seems that the study of rare earth pyrochlore magnets with anisotropic exchange interactions may have many more surprises yet in store. ) we follow the conventions of Ross et al. [43] , and make the convenient choice 
In this local coordinate frame, the magnetic moment , g z > g xy , while for the rare-earth ions considered in this paper with easy-plane character, g z < g xy .
The g-tensor in the coordinate frame of the crystal axes, g i [Eq. (3)], can be found by rotating g local [Eq. (A6)] back into the global coordinate frame µ, ν = {x, y, z}. Since the required rotation depends on the lattice site, the resulting g-tensor is sublatticedependent
